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An autosomal recessive polycystic kidney disease gene homolog
is involved in intraflagellar transport in C. elegans ciliated
sensory neurons
Hongmin Qin*, Joel L. Rosenbaum* and Maureen M. Barr†
In this report, we show that the Caenorhabditis characterized the C. elegans homolog. C. elegans Tg737
(CeTg737) encodes an 820 amino acid protein with 45%elegans gene osm-5 is homologous to the
Chlamydomonas gene IFT88 and the mouse identity and 65% similarity to murine Tg737, human
Tg737, and Chlamydomonas IFT88 (Table 1). Like allautosomal recessive polycystic kidney disease
(ARPKD) gene, Tg737. The function of this ARPKD Tg737 family members, C. elegans Tg737 possesses multiple
tetratricopeptide repeat (TPR) motifs. The evolutionarilygene may be evolutionarily conserved: mutations
result in defective ciliogenesis in worms [1], algae conserved TPR is a 34 amino acid degenerate sequence
that mediates protein-protein interactions [12, 13]. As[2], and mice [2, 3]. Intraflagellar transport (IFT) is
essential for the development and maintenance of Chlamydomonas IFT88 is a component of a macromolecular
protein complex, the IFT particle, it is likely that themotile and sensory cilia [4]. The biochemically
isolated IFT particle from Chlamydomonas flagella TPR domains of Tg737 are required for association with
other IFT polypeptides, IFT motors, or IFT cargo.is composed of 16 polypeptides in one of two
Complexes (A and B) [5, 6] whose movement is
powered by kinesin II (anterograde) and We hypothesized that CeTg737 was the gene osm-5 for
cytoplasmic dynein (retrograde) [7–9]. We the following reasons. First, CeTg737 is homologous to
demonstrate that OSM-5 (a Complex B Chlamydomonas IFT88, and mutations in other C. elegans
polypeptide), DAF-10 and CHE-11 (two Complex A IFT gene homologs result in osm-5-like sensory cilia de-
polypeptides), and CHE-2 [10], a previously fects [1, 5, 14–16]. Second, the CeTg737 sequence interpo-
uncategorized IFT polypeptide, all move at the same lates at position –12.16 on the X chromosome, and osm-5
rate in C. elegans sensory cilia. In the absence of maps to position –12.39. Finally, a DAF-19 promoter
osm-5, the C. elegans autosomal dominant PKD binding X box that is required for the expression of several
(ADPKD) gene products [11] accumulate in stunted cilium structure genes [18] is upstream of CeTg737 (data
cilia, suggesting that abnormal or lack of cilia or not shown). To test whether osm-5 encodes CeTg737, we
defects in IFT may result in diseases such as took two approaches. We sequenced the existing osm-5
polycystic kidney disease (PKD). mutations and rescued osm-5 mutant defects with the
wild-type CeTg737 gene.
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sensory neurons (Figure 2). Fluorescent dye filling by
amphid and phasmid neurons typically indicates normal
cilia ultrastructure [19], whereas ciliated endings of osm-5
mutants are stunted and unable to fill with fluorescentResults and discussion
The ciliary defects of the Tg737 mouse mutant [2, 3] and dye [1, 14]. Using a full-length genomic Tg737 fragment
fused to GFP (green fluorescent protein), we were ableflagellar defects of the Chlamydomonas ift88 mutant [2]
suggest that Tg737 plays a critical and evolutionarily con- to rescue the dye-filling defects of the osm-5 mutant (Fig-
ure 1b). In contrast, a truncated CeTg737 gene fragmentserved role in ciliogenesis. To test this hypothesis and
explore the cellular role(s) of Tg737, we identified and lacking all TPR repeats was unable to complement osm-5
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Table 1
Transgenic Worm GFP Dots Average Velocity um s21
Chlamydomonas C. elegans Cilia type Anterograde (n/N) Retrograde (n/N)
IFT52 OSM-6 amphid or phasmid 0.67 6 0.07 (9/67) 1.10 6 0.13 (11/48)
(Complex B) ray 0.62 6 0.12 (6/23) 1.05 6 0.12 (4/9)
spicule 0.66 6 0.17 (3/22) 1.07 6 0.07 (2/5)
IFT172 OSM-1 amphid or phasmid 0.64 6 0.10 (8/38) 1.10 6 0.10 (10/39)
(Complex B) ray nd nd
spicule nd nd
IFT88 OSM-5 amphid or phasmid 0.68 6 0.09 (12/73) 1.10 6 0.17 (13/52)
(Complex B) ray 0.64 6 0.09 (7/26) 1.05 6 0.17 (4/21)
spicule 0.64 6 0.06 (2/10) 1.08 6 0.09 (4/21)
Chlamy CHE-2 CHE-2 amphid or phasmid 0.69 6 0.07 (11/52) 1.05 6 0.10 (9/43)
(?) ray 0.61 6 0.08 (4/17) nd
spicule 0.64 6 0.09 (1/6) nd
IFT140 CHE-11 amphid or phasmid 0.68 6 0.10 (20/122) 1.09 6 0.09 (13/54)
(Complex A) ray nd nd
spicule nd nd
IFT122 DAF-10 amphid or phasmid 0.70 6 0.12 (3/14) 1.05 6 0.17 (2/6)
(Complex A) ray nd nd
spicule nd nd
IFT rates of C. elegans IFT polypeptide homologs. Column one (CHE-3) motors and IFT rates of KAP, CHE-3, OSM-1, and OSM-6
indicates Chlamydomonas IFT Complex particle polypeptides, have been described elsewhere [15, 20, 25]. Intraflagellar transport
and column two lists corresponding C. elegans homologs. assays were performed as described in reference 20. IFT in amphid
CHE-2 was first identified and cloned in C. elegans [10]. A and phasmid neurons was identical, as were IFT velocities in
Chlamydomonas CHE-2 homolog exists, but its role in IFT is male-specific neurons of the rays and spicules. nd 5 not determined;
unclear (H. Q. and J. L. R., unpublished data). The C. elegans (n/N) denotes n 5 number of animals; and N 5 number of GFP
IFT anterograde kinesin subunit (KAP) and retrograde dynein dots.
defects (Figure 1b). We conclude that CeTg737 is osm-5 neurons and has the highest concentration in ciliated end-
ings (Figure 2a–c). Axonal expression is not observed.and that the TPR repeats are required for OSM-5
function. In contrast, a nonfunctional, nonrescuing OSM-5::GFP
fusion protein lacking the TPR domains (OSM-
5DTPR::GFP) (Figure 1b) is not observed in sensory cilia,We determined the osm-5 expression pattern by using
the rescuing and, therefore, functional osm-5::gfp fragment but rather is uniformly distributed throughout the neuron,
including the axon (Figure 2d–f). Rescue data is consis-(Figure 1b). osm-5::gfp is expressed in ciliated sensory
neurons in both hermaphrodites and males (Figure 2a–c). tent with the subcellular distribution of these OSM-
5::GFP fusion proteins; the TPR repeats of OSM-5 areosm-5::gfp expression coincides with the timing of ciliogen-
esis [10] and continues throughout adulthood, supporting required for ciliary localization, and this localization may
be required for OSM-5 function. We have also observeda role for osm-5 in the formation and maintenance of cilia.
OSM-5::GFP is cytoplasmically localized in the basoden- abnormal phasmid dendrite morphology in strains ex-
pressing osm-5DTPR::GFP (Figure 2e), suggesting thatdritic (cell body and dendrite) compartment of sensory
Figure 1
The osm-5 gene encodes a protein containing
multiple TPR motifs with homology to
Chlamydomonas IFT88 (CR_IFT88), human
Tg737 (Hs_Tg737), and mouse Tg737
(Mm_Tg737). (a) osm-5 genomic structure
and mutant allele lesions [1, 14]. The
canonical p813 allele and sa126 allele are
nonsense mutations, sa130 is a splice
mutation, m184 is a missense mutation in the
initiating ATG, and mn397 is a missense
mutation in a conserved TPR motif. (b) osm-5
expression constructs and rescue data.
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Figure 2 Figure 3
osm-5::gfp is expressed in ciliated sensory neurons. Anatomical and
IFT occurs in male-specific cilia, and osm-5 is required for the targetingultrastructural features of C. elegans amphid and phasmid sensory
of the polycystins to male-specific cilia. Anterograde and retrogradeneurons are depicted in the upper panels (Nomarski microscopy
IFT of OSM-5 in amphid (a-1 and a-2) and male-specific ray neuronsimages) showing the adult hermaphrodite head, adult hermaphrodite
(b-3 and b-4), respectively. OSM-5::GFP accumulates in the transitiontail, and ventral up adult male tail. Left is anterior; right is posterior.
zones at the sensory cilia bases (shown as an arrow). The GFP-labeledMiddle panels are cartoons of amphid and phasmid sensory neurons,
OSM-5 IFT polypeptide is seen moving anterogradely toward the tip ofwith magnification of the environmentally exposed cilia of the amphid
the cilium (arrow) (a-1, b-3) and retrogradely from the cilium back toand phasmid. Only one side is shown (for example, there are two PHA
the transition zone (a-2, b-4). The arrow running parallel to the ciliumneurons, one left, and one right). Figures are reproduced from [14].
indicates the direction of movement. For orientation purposes, (b-1)OSM-5::GFP is localized in cell bodies (“cb”), dendrites (“d”), the
is a DIC side view image of the C. elegans male tail, and (b-2) istransition zone (“tz”), and cilia (“c”) of (a) the head, (b) the
a higher magnification of a male sensory ray. (c-1) PKD-2::GFPhermaphrodite tail, and (c) the male tail. In contrast, osm-5DTPR::GFP
localizes to the cilia of male-specific CEM sensory neurons (LOV-is uniformly expressed throughout sensory neurons, is rarely seen in
1::GFP is identical but is not shown) [11]. (c-2) PKD-2::GFP (andcilia, accumulates in the transition zone, and is observed in axons
LOV-1::GFP, data not shown) accumulates in the stunted CEM cilia(“a”) of (d) the head, (e) hermaphrodite tail, and (f) the male tail. Note
of osm-5 mutants.the missing dendrites of one side of the phasmid neurons in (e).
the OSM-5DTPR::GFP protein might act as a dominant a fluorescence microscopy assay to measure movement
negative by interfering with the function of endogenous of OSM-5 and Complex A GFP-tagged polypeptides in
OSM-5. sensory neurons.
We observed anterograde and retrograde movement ofIn Chlamydomonas, the biochemically identified IFT parti-
cle is composed of z16 polypeptides that are found in OSM-5 in amphid and phasmid sensory neurons (0.68 1
20.09 mm s21 [n 5 73] and 1.1 1 20.17 mm s21 [n 5one of two complexes, A and B [5, 6]. Using GFP-labeled
fusion proteins, Scholey and colleagues demonstrated that 52], respectively) at rates similar to the published rates
of OSM-1 and OSM-6 (Table 1, Figure 3a) [16]. We haveOSM-1 and OSM-6 (two Complex B polypeptides) and
KAP (a subunit of kinesin motor) moved at the same also observed bidirectional transport in the dendritic and
shortened ciliary segments of male-specific sensory neu-rate in C. elegans cilia [16, 20]. Chlamydomonas IFT88 is a
Complex B IFT particle polypeptide that is required for rons (Figure 3b). As classic ciliary structures have not
been identified in male-specific sensory neurons [17], itflagellar assembly (Table1) [5]. While genetically and bio-
chemically associated with the IFT particle complex, ac- is not certain that IFT in male-specific cilia is identical
to that observed in amphid and phasmid neurons. Threetual IFT movement of IFT88 has not been demonstrated,
nor has IFT movement of Complex A polypeptides been pieces of information indicate that IFT in male-specific
cilia is similar to that observed in other sensory cilia.examined directly. To address these questions, we used
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First, IFT polypeptides and motors are localized in male- OSM-6), CHE-2 (not identified in the Chlamydomonas
IFT particle), and KAP (a subunit of the kinesin motor)specific cilia (Figure 2; data not shown; [10, 15]). Second,
anterograde and retrograde IFT rates in male-specific move at the same rate in C. elegans cilia (Table 1; data
not shown; [16, 20]). This is the first direct indication thatneurons are identical to those observed in the amphids
and phasmids (Table 1). Finally, IFT polypeptide gene polypeptides in IFT Complex A move and that motility
of Complex A and Complex B polypeptides is identical.mutants (such as osm-5) and motor mutants (che-3 cyto-
plasmic dynein) exhibit identical male mating behavior
defects ([11]; data not shown). This is the first direct dem- While they are phenotypically similar with respect to sen-
onstration that IFT occurs in C. elegans male-specific sen- sory behavior defects, C. elegans IFT Complex A and B
sory neurons and that a Tg737 homolog moves via IFT. mutants fall into two categories based on the EM ultra-
These results support the hypotheses that the cellular structural criteria [1, 21] and expression pattern (data not
defects of murine Tg737 mutants in both ventral node [3] shown). Based on EM mutant phenotype, we genetically
and primary kidney cilia development may be due to categorize che-2 as a Complex B mutant [1]. Complex B
defects in IFT [2], and that IFT [5] and Tg737 play mutants give short or no cilia, whereas Complex A mutants
universal roles in ciliogenesis and flagellar assembly. (che-11 and daf-10) occasionally form full-length, albeit
nonfunctional, cilia. Complex A mutants are especially
important and useful because no Chlamydomonas equiva-Historically, IFT was first visualized as movement be-
neath the Chlamydomonas flagellar membrane [7]. The lent exists. In this organism, every isolated mutation in
an IFT polypeptide gene produces shortened or no fla-IFT Complex A and Complex B particles are missing
from resorbing flagella in fla10 kinesin motor mutants [5, gella [4], and Complex A has been proposed to mediate
retrograde IFT [6]. In C. elegans, Complex A and Complex7]. While Complex A (4 polypeptides) and B (12 polypep-
tides) were biochemically isolated from Chlamydomonas B may have functional differences. Complex A and Com-
plex B genes are necessary, but neither is sufficient forflagella, there are many unanswered questions regarding
their function. How do Complex A and B interact with ciliogenesis. Double mutant analysis will illuminate the
relationship between Complex A and Complex B. Byeach other and the kinesin and dynein motors that move
them? Does Complex A move via IFT as do Complex B studying IFT in C. elegans, we may begin to understand
how the rapidly moving, multipolypeptide IFT particlespolypeptides? Are there functional differences between
IFT Complex A and Complex B particles? To explore function in the assembly of cilia and determine what
additional functions they may serve in sensory signalingthese questions, we identified C. elegans IFT polypeptide
homologs and examined their movement using GFP tags of the assembled organelle.
(Table 1).
osm-5 is expressed in and required for the function of
male-specific ciliated sensory neurons that mediate mat-daf-10 (F23B2.4) and che-11 (C27A7.4) encode homologs
of Chlamydomonas Complex A proteins IFT122 and ing behaviors [11, 22, data not shown]. Interestingly, a
role for the C. elegans autosomal dominant PKD (ADPKD)IFT140, possessing WD-40 and TPR protein-protein in-
teraction motifs, respectively (Table 1) [data not shown] gene homologs in cilia has been described in the nema-
tode C. elegans [11, M. M. B. and P. W. Sternberg, unpub-(D. Cole, S. Stone, A. Davies, and J. Shaw, personal com-
munication). osm-1, osm-5, and osm-6 encode homologs of lished data]. Mutation in either the PKD1 or PKD2 gene
is responsible for 95% of all cases of human ADPKD [23].Chlamydomonas Complex B proteins IFT172, IFT88, and
IFT52, respectively (Table 1) [5, 15]. All three of these The C. elegans homologs of PKD1 and PKD2, LOV-1
and PKD-2, are required for male mating behavior and,proteins also have domains that potentially mediate pro-
tein-protein interactions. OSM-1 has WD-40 repeats, accordingly, localized in the cilia of male-specific sen-
sory neurons (Figure 3c-1) [11]. LOV-1::GFP and PKD-OSM-5 possesses TPR motifs, and OSM-6 contains po-
tential SH3 binding PxxP motifs [5, 15]. Mutation in any 2::GFP accumulate in osm-5 stunted cilia (Figure 3c-2).
Our findings provide the first potential link betweenone of these five IFT genes affects ciliogenesis [1]. che-2,
while not identified as a component of the Chlamydomonas ARPKD and ADPKD. We have shown that the C. elegans
ADPKD genes are exclusively expressed in male-specificIFT complex, is also required for ciliogenesis [1] and
encodes a protein with WD-40 repeats [10]. As each candi- sensory cilia [11], that osm-5 is required for the formation
of the cilia in which they function, and that IFT occursdate IFT particle polypeptide examined contains a motif
shown to mediate protein-protein interactions, it is likely in the cilia of male-specific sensory neurons. Whether or
not LOV-1 and PKD-2 move to the distal segments ofthat these domains modulate binding among IFT poly-
peptides, the IFT anterograde or retrograde motors, and cilia via IFT is a tantalizing and open question.
perhaps other unidentified IFT cargo.
Interestingly, one of the tissues affected by abnormal or
lack of cilia in Tg737 mutant mice is the kidney [2]. It isWe found that Complex A polypeptides (DAF-10 and
CHE-11), Complex B polypeptides (OSM-1, OSM-5, and not known if the polycystins (encoded PKD1 and PKD2)
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